Previously, we noted that inorganic phosphate (Pi), a major component of bone extracellular matrix, induced osteoblast apoptosis [1] 
INTRODUCTION
Bone adapts to mechanical and physiological stress by a unique form of tissue replacement, contained within discrete structures defined as basic multicellular units [2] .
Within each of these units, the actual process of bone removal is carried out by osteoclasts; replacement bone matrix is synthesized and mineralized by cells of stromal origin, osteoblasts. Examination of resorbing sites in developing skeletal tissues indicates that many of the cells are apoptotic [3] . Thus, there is evidence of DNA fragmentation in osteoclasts, osteoblasts and osteocytes [4, 5] . In contrast, in mature skeletal tissues, only about 1-2% of all bone cells are dying or dead. In both the developing and mature skeleton, most of the apoptotic cells are confined to bone remodeling sites or locales of high bone turnover [5, 6, 7, 8] .
How osteoclasts communicate with, and regulate the life history of other cells of the basic multicellular unit is a topic of intense debate. It is clear that osteoclast differentiation and activation are dependent on paracrine signals received from stromal cells in the multicellular unit [9] . Within the past four years, chemical modulators of these processes have been identified, and recent evidence indicates that growth factors provide survival signals that result in bone cell proliferation and depression of the apoptotic process [5, 6, 10] . In addition, it has been demonstrated that a number of pharmacological agents can induce osteoblast apoptosis in vitro [5, 10, 11, 12] . Surprisingly, however, little is known of events that promote osteoblast death in situ.
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While the resorptive process may generate agents that stimulate osteoblast proliferation, it is probable that products of the resorbing bone may also stimulate bone cell death. Recent work from this laboratory has clearly demonstrated that one of the ions present in the bone matrix, inorganic phosphate (Pi), induces apoptosis of cultured human osteoblasts and chondrocytes [1, 13] . Since Ca 2+ as well as Pi are released from the bone apatite lattice during the resorptive process, the possibility exists that Ca 2+ may influence Pi-mediated bone cell apoptosis. To test the hypothesis that this ion pair may trigger the death program, we examine the effect of Pi and Ca 2+ on human osteoblast-like cells. We ask the following questions: can Ca 2+ modulate Pi-induced cell death, and, if so, is death mediated by apoptosis? Using a cell culture system, we demonstrate that Ca 2+ accentuates the apoptogenic effect of Pi. In addition, we provide evidence for the involvement of mitochondria and intracellular Ca 2+ in the apoptotic pathway activated by the ion pair.
METHODS

Cell Culture
Specimens of human bone were obtained during dental surgery performed at the Hospital of the University of Pennsylvania and during spinal surgery performed at the Children's Hospital of Philadelphia (Philadelphia, PA). Ages of the samples ranged from 9 to 32 years. The bone was chopped into very small pieces using a pair of rongeurs.
The pieces were then digested in 10 ml of bacterial collagenase (4.6 mg/ml) (Sigma, St. Cell migration from the bone fragments was monitored daily by light microscopy.
After a period of 3 to 6 weeks, osteoblast-like cells grew out from the explant. When confluent, cells were released from the tissue culture dishes by a brief treatment with 0.25% trypsin and 0.1% bacterial collagenase (Sigma, St. Louis, MO) in HBSS. Cells were collected and replated at a density of 140 cells/mm 2 . Secondary cultures were maintained in DMEM supplemented with 10% FBS, 2 mM L-glutamine, 5 mM ß-glycerophosphate and antibiotics. After 48 h, fresh ascorbate (10 µg/ml) was added to the medium. Cells were fed fresh ascorbate at every media change. The osteogenic characteristics of the cells were confirmed by RT-PCR using probes for Cbfa-1, osteocalcin, osteonectin and type I collagen (as described in (1)).
We also examined the effect of the ion pair on MC-3T3-E1 cells, a cell-line that, in culture, recapitulates each of the major steps in osteoblast maturation [14] . These cells were grown to confluence in DMEM supplemented with 10% FBS, 2 mM L-Glutamine and ascorbate as described above. After 7 days in culture, the osteogenic characteristics The cell cultures were treated with the ion pair and the fragmented nucleotide ends were labeled using a Klenow FragEL Kit (Oncogene Research products, Cambridge, MA).
Untreated osteoblasts were used as controls. Cells were then treated with proteinase K (20 mg/ml) at room temperature for 15 min. We have previously established that the duration of proteinase K treatment does not cause cleavage of linker DNA [13] .
Endogenous peroxidase activity was inhibited by exposing cells to 3% H 2 O 2 in phosphate buffered saline. Cells were equilibrated in a transferase buffer for 5-10 min and then incubated in a reaction mixture containing biotin-labeled deoxynucleotides and the Klenow fragment of DNA polymerase at 37°C. After 60 min, the reaction was stopped and the biotinylated nucleotides were attached to streptavidin peroxidase. These labeled nucleotides were then detected using an antidigoxigenin antibody conjugated to horseradish peroxidase. To aid detection, the cells were not counterstained.
Caspase-3 is a downstream effector of the apoptotic response in osteoblasts. To confirm that the ion pair induced osteoblast apoptosis, we evaluated the activity of the Apoptosis is dependent on activation of a number of effector enzymes; inhibition of these enzymes blocks apoptosis. To confirm that the ion pair induces apoptosis, we inhibited the upstream effector enzyme, caspase-3 and downstream endonucleases. To block caspase activity, osteoblasts were incubated with DEVD-CHO (50-300 µM) (Calbiochem, San Diego, Ca), a specific caspase-3 inhibitor, for 2 h prior to treatment with 5 mM Pi and 2.9 mM Ca 2+ . After 24 h, cell death was evaluated by the MTT assay.
To block endonuclease activity, aurintricarboxylic acid (ATA)(Sigma Chemical Co., St.
Louis, MO) was utilized [17] . Cells were incubated with 10-100 µM ATA for 2 h and then treated with 5 mM Pi and 2.9 mM Ca 2+ . Again, cell death was evaluated by the MTT assay.
Calcium Channel Blockers and Osteoblast Apoptosis.
Osteoblasts were treated with a number of different Ca 2+ channel blockers to (10-100 µM) and verapamil (10-100 µM) [18] . Then, the osteoblasts were treated with 5 mM Pi and 2.9 mM Ca 2+ for a further 24 h. The experiment was repeated using the generalized Ca 2+ channel inhibitor, lanthanum chloride [19] and a specific stretchactivated Ca 2+ channel inhibitor, gadolinium chloride [20] . In all cases, cell death was determined using the MTT procedure. When Pi transport is blocked, the ion pair fails to trigger cell death (Fig. 6) . Thus, over 80% of the osteoblasts die when exposed to 2.9 mM Ca 2+ and 3 mM Pi. The presence of phosphonoformic acid (PFA), an inhibitor of Pi transport, completely abrogates osteoblast apoptosis (Fig. 6A) . Indeed, even if the Pi concentration is raised to 7 mM, PFA blocks cell death. PFA also protects MC-3T3-E1 cells from apoptosis. Figure 6B shows that if the medium contains PFA, the cells retain their viability even when treated with high levels of the ion pair (2.9 Ca 2+ and 7 mM Pi). PFA alone has no effect on bone cell MTT activity. Results of this series of experiments suggest that uptake or binding of Pi by the treated cells is a requirement of the apoptotic process.
Measurement of the Mitochondrial Membrane Potential and Intracellular Ca
RESULTS
Ca
While Pi transporters are required for Ca 2+ -Pi -induced cell death, inhibitors of Ca 2+ channel transport exert little effect on ion pair-mediated osteoblast apoptosis.
Treatment with verapamil or nifedipine effected no significant change in Ca 2+ dependent
Pi-mediated bone cell death. (Fig. 7B) ; by 4 h, the fluorescence has returned to baseline values (Fig.7C) . Six hours after treatment, the cells are shrunken, cell to cell contacts are lost and many of the cells are dead (Fig. 7D) . The residual fluorescence of these cells is probably due to the dye binding to membrane remnants. 
DISCUSSION
Using two different bone cell preparations (primary human osteoblasts and MC-3T3-E1 cells), we demonstrated that Ca 2+ enhanced Pi dependent apoptosis and that the impact of the ion pair was far more profound that exhibited by Pi alone [1] . The effects of the individual ions on cell viability provided clues to the mechanism by which these apatite components activate the death program. Whereas increased [Ca 2+ ] e alone had no effect on osteoblast apoptosis, the combined ion pair was a powerful inducer of the death response ( Fig. 1 concentration used (2.9 mM), was less than twice the level present in normal serum and much lower than the values reported at bone remodeling sites [24] . That death was through apoptosis was confirmed utilizing the TUNEL assay (Fig. 3) , the microscopic appearance of the cells, caspase measurements (Fig. 4) , and inhibitor studies (Fig. 5) .
Thus, in the presence of the ion pair, the cells exhibited characteristics of apoptosis, (Fig. 2) . The importance of Pi was further emphasized by the finding that PFA, an agent that blocks Na-Pi co-transporters and prevents Pi entry into cells, inhibited ion-pair dependent osteoblast death (Fig. 6) and loss of cytochrome c serve to activate downstream events in the apoptotic process [25, 26] . In bone cells, when the mitochondrial dye, Mitotracker Red, was used to follow the response of mitochondria to the ion pair, an initial hyperpolarization of the mitochondrial signal was seen (Fig 7B) . However, 4 h after treatment, the signal had dropped below that of the control cells (Fig 7C) . In the same time period, there was an elevation in intracellular Ca 2+ fluorescence (Fig 8C) . By 6 h, the cells showed clear morphological evidence of death, both mitochondria and intracellular Ca 2+ signals had greatly decreased (Figs. 7D & 8D) . Thus, the initial hyperpolarization of the mitochondria was an immediate reaction to the apoptogens. Subsequently, there was a change in Ca 2+ flux in the treated cells. It is tempting to speculate that the increase in 
